For the past five years we have been engaged in an investigation of the effect of cobalt on the growth and metabolism of bacteria, especially of Proteus vulgaris. The emphasis on Proteus followed requests for aid in the control of growth of this penicillin-and sulfa-resistant organism in cases of peritonitis, cystitis, and eye infections.
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Interest in cobalt as a growth inhibitor of microorganisms has been extremely limited. Such studies as have been made deal primarily with the concentrations of the metal necessary to kill the cells of bacteria, yeast, or paramecia after a given period of exposure (Bokorny, 1905 (Bokorny, , 1913 Krauss and Collier, 1931; Johnson, Carver, and Harryman, 1942) . Apart from observations on the therapeutic use of cobalt in the treatment of tuberculosis (Renon, 1915;  Rondoni, 1920; Mascherpa, 1929) , no attempt, so far as we are aware, has been made to study in detail the nature of the action of cobalt on bacteria.
In this paper we shall consider only those aspects of the growth-inhibitory effect of cobalt on bacteria, particularly P. vulgaris, which are of a cultural rather than of a metabolic nature. The results of our metabolic studies will appear subsequently. EXPERIMENTAL 
RESULTS
Bacterial spectrum. In the course of an investigation of the elements with which conalbumin might combine to account for its growth-inhibitory action on a culture of Shigella dysenteriae (Schade and Caroline, 1944) , we observed that the test organism failed to grow in nutrient broth to which 10 to 20 ppm cobalt had been added. This observation, as well as the lack of information regarding the growth-inhibiting properties of cobalt, prompted us to make a preliminary survey of the response of a limited number of bacteria to cobalt additions to their culture media. That different strains of a given species may vary with respect to the concentration of cobalt required to effect complete inhibition of growth is readily 
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In a preliminary attempt to determine whether cobalt was exerting its effect on the growth of Proteus through interference with the utilization by the organism of some nutrient in the medium essential to it as a growth factor, nicotinamide (Peterson and Peterson, 1945) and magnesium sulfate (Knight, 1936) were added to the nutrient broth. Such additions had no effect on the concentration of cobalt required to bring about cessation of growth. Additions of glucose and of ammonium sulfate to the medium were also ineffective.
That the concentration of cobalt needed to stop the growth of P. vulgaris in nutrient broth was, however, related, in a large measure, to the combination of cobalt with some constituent or constituents in the medium became evident when a determination was made of the cobalt needed for growth inhibition of this bacterium cultured in a synthetic medium. Our strain was adapted to grow in the following synthetic medium: 0.05 M glucose, 0.0075 M ammonium sulfate, 0.0004 M magnesium sulfate heptahydrate, and 0.025 M potassium phosphate buffer at pH 7.3. A concentration of cobalt of about 0.25 ppm prevented growth in this medium as judged by turbidity in comparison with about 100 times this concentration in nutrient broth and 1,000 to 2,000 times in brain heart medium (Difco). When brain heart infusion medium was dialyzed to remove low molecular weight constituents and then added to nutrient broth, cobalt, at the same concentration as was required in the broth alone, inhibited growth of P. vulgaris. Addition of the ash of the brain heart infusion medium was likewise without effect on the concentration of cobalt required to stop growth of the bacterium in nutrient broth. These observations indicated that the amino acid component of the brain heart medium and, probably, of the nutrient broth itself might be responsible through some cobalt-amino-acid complex formation for the need of higher concentrations of cobalt to effect inhibition of growth. To test this hypothesis we investigated the effect of the addition of casein hydrolyzate (Smaco vitamin-free casein hydrolyzate) to nutrient broth at a concentration level of 30 mg of hydrolyzate per ml of medium on the inhibition by 50 ppm cobalt of the growth of P. vulgaris at pH 7.2. Under these conditions, cobalt did not interfere with growth of the bacteria.
With the effective concentration of casein as a guide, individual amino acids in concentrations equivalent to those found in casein were next added to nutrient broth to observe which amino acid, if any, might be responsible for the "protection" afforded to the bacteria by casein against the inhibitive action of cobalt. The following amino acids and amines were tested against 50 ppm cobalt in nutrient broth at pH 7.0 to 7.5 inoculated with P. vulgaris and incubated for 24 hours at 37
and DL-valine. In every case the molar ratio of amino acid to cobalt was no less than 4 to 1. Of these 17 amino acids, only L-cysteine and L-histidine prevented or reversed the growth inhibition by cobalt. An indication that the pH of the medium was an important factor in the tests as run became evident when histamine and L-glutamic acid were added to media at pH 8.0 and above. Under such alkaline conditions these compounds were likewise effective against the inhibitory action of cobalt.
Since cobalt has been shown to form a stable complex with cysteine (Michaelis and Barron, 1929) , its effectiveness as a "protective" agent might well have been anticipated. The results obtained with L-histidine, on the other hand, were not expected. Since the casein hydrolyzate employed in these studies did not contain cysteine, it is probable that the "protective" action of the hydrolyzate against cobalt was greatly, if not completely, due to its histidine content;
Reversal of cobalt inhibition by histidine. The studies alreadly published on the characteristics of the cobalt-histidine complex as well as some of the physiological investigations that have made use of the cobalt-combining properties of histidine Hearon et al., 1947) had their genesis in the currently reported bacteriological work and have summarized some of its findings. It is useful, however, to detail an example of the type of experiment which showed the "protective" effect of histidine against the growth-inhibitory action of cobalt on P. vulgaris and indicated quite clearly the combining ratio of histidine to cobalt as 2:1 under the particular conditions given. Table 2 illustrates such an experiment. Although in this case a synthetic medium was chosen for the test, similar results were obtained in straight nutrient broth or in nutrient broth diluted 1 to 5. Changing the sequence of addition of cobalt and histidine had no effect on the results.
Evidence that histidine is capable of reversing an established growth inhibition by cobalt is presented in figure 2 . Bacteria from an 18-hour culture of P.
vulgaris were inoculated into nutrient broth and dispensed in appropriate amounts into Warburg respirometer vessels. Using the rate of respiration as an index of the course of growth, we added cobalt (final concentration = 60 ppm) to all of the cultures other than the histidine-containing controls when the bacteria were leaving their lag phase and entering logarithmic growth. At 1-hour intervals, an amount of histidine sufficient to counteract the concentration of cobalt employed was added to the inhibited cultures. One set of cultures was maintained as a cobalt-inhibited control. vulgaris in nutrient broth. The histidine was added one (hi), two (h2), three (hs), and four (h4) hours after inhibition of growth by the cobalt had been effected.
histidine addition to re-emerge from the lag phase. Those that were inhibited for 4 hours required approximately 140 minutes to achieve the same stage of development.
Reactions of cobalt and histidine. The addition of cobalt to a solution of histidine under aerobic conditions resulted in the formation of a progressively deepening yellow-brown color that could be dissipated by acidification and reformed through subsequent neutralization. When the colored mixture was kept overnight at room temperature, its yellow-brown hue had changed to reddish. Under anaerobic conditions the yellow-brown or reddish color failed to develop.in the mixture of cobalt and histidine, which remained very light pink until oxygen was admitted to the reaction flask. Similar color changes occurred [VOL. 58 upon the addition of cobalt to nutrient broth in the absence of added histidine. It was observed, further, that when cobalt was added to either nutrient broth or a solution of histidine, a fall in the pH of the mixture took place.
The chemical studies that have been made of the cobalt-histidine complex formation (Hearon, 1948; Hearon, Burk, and Schade, 1949) have elucidated the significance of these observations. In summary, two molecules of histidine combine immediately and reversibly with one atom of cobalt to yield one molecule of cobaltodihistidine and two hydrogen ions. The formation of the cobaltodihistidine complex is responsible for the pink color of the cobalt-histidine mixture under anaerobic conditions and for its acid pH shift. In the presence of oxygen, two molecules of cobaltodihistidine combine rapidly and reversibly with one molecule of oxygen to form one molecule of oxy-bis(cobaltodihistidine), which complex imparts the yellow-brown color to the solution. Slowly, with or without the intervention of additional oxygen, the oxy-bis(cobaltodihistidine) changes to an irreversibly oxygenated form with no evident oxidation of cobaltous to cobaltic. This irreversible form is reddish pink in color.
Cobalt inhibition under aerobic and anaerobic conditions. Although it is clear from Effect of cobalt on size and stainability of cells. We have observed microscopically the effect of cobalt upon the size and stainability of resting cells of P. vulgaris following their inoculation into nutrient broth. When cells, grown for 24 hours on a nutrient agar slant at 37 C, were inoculated into nutrient broth and examined over a 2-hour period of incubation at 37 C, they showed an increase in size approximately twice their initial volume in the first hour, usually without evident cell division. During the second hour, division of the cells occurred along with maintenance of their enlarged size. Under otherwise comparable conditions, cells inoculated into nutrient broth containing a concentration of cobalt sufficient to inhibit growth failed to show any increase in size or evidence of cell division over the 2-hour period of incubation. Cells from both the control and cobalttreated series, on the other hand, when stained with crystal violet, showed similar increases in stainability by the end of the 2-hour incubation period. These results are in conformity with the finding (Levy, Skutch, and that the ribonucleic acid concentration of the control and cobalt-inhibited cells increases to approximately the same extent over the same period of time.
Effect of cobalt on viability of cells. Since, as we have shown, histidine is capable of reversing the inhibition of growth of a culture of P. vulgaris by cobalt, the question arises to what extent, if any, does cobalt result in the death of the individual members of the population of the bacterial inoculum. Further, is the cell viability dependent upon the stage of the growth cycle from which the inoculum is prepared? Studies were made of the effect of cobalt on the number of viable cells remaining in nutrient broth to which a concentration of cobalt had been added sufficient to bring about complete inhibition of growth of the culture. Colony plate counts were made in quadruplicate at two dilutions of the culture at zero time, 30, 120, and 240 minutes following cobalt addition to the broth maintained at 37 C throughout the experiment. In one case, cobalt was added to broth simul- is interestingly paralleled by the respiration sensitivity to cobalt of P. vulgaris . The respiration of resting cells added to nutrient broth containing cobalt was comparable to that of resting cells added to nutrient broth minus cobalt. The respiration of cells growing logarithmically in nutrient broth, on the other hand, was greatly reduced on the addition of cobalt. Figure 3 also shows that, when cobalt was added to a logarithmically growing culture, not all of the cells at least were immediately inhibited from dividing since the number of viable cells observed one-half hour after cobalt addition to the cultures was greater than at zero time.
It was possible that the decrease in the number of viable cells in nutrient media containing cobalt might be a reflection of a normal rate of death of cells unable, for one reason or another, to grow. To check this possibility, resting cells from an 18-hour culture grown on nutrient agar at 37 C were inoculated into phosphate buffer and into nutrient broth plus cobalt. Colony plate counts of viable cells from each medium were made over a period of 50 hours' incubation at 37 C. The results are given in table 3 (a). Comparison of the percentage drops in viable cell count shows that cobalt significantly effected a reduction in viability over and above that observed in a medium deficient in nutrients.
Further evidence that cobalt affects viability in a manner other than just to permit continued maintenance of the cell while inhibiting its growth was obtained by suspending resting cells of P. vulgaris in phosphate buffer with and without added cobalt. that cobalt does, in time, have a significant effect on the viability of these bacteria.
SUMMARY
The growth of representative species of bacteria, both aerobic and anaerobic as well as gram-positive and gram-negative, is completely inhibitable by concentrations of cobalt ranging from 1 to 100 ppm. The actual inhibiting cobalt concentration depends upon the sensitivity of the individual strain of bacterium, the number of cells per ml used as inoculum, and the constituents of the growth medium. As an example of the importance of the last-named factor, the concentration of cobalt necessary to inhibit the growth of Proteus vulgaris in meat extract peptone broth is 100 times that required in a synthetic medium of glucose and ammonium sulfate.
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[VOL. 58 Of 17 amino acids tested under physiological conditions of pH and temperature, only histidine and cysteine are capable of overcoming the growth inhibition of P. vulgaris by cobalt. For complete prevention or reversal of the growth inhibition, the molar ratio of histidine to cobalt must be at least 2 to 1. The pH of the medium and the temperature of incubation have no effect on the concentration of cobalt required to inhibit the growth of P. vulgaris. 
